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We investigate the model of dark matter-dark energy (DM-DE) interaction with coupling strength
proportional to the multiplication of dark sector densities with different power indices Q = γραc ρ
β
d .
We first investigate the modification of the cosmic expansion history, and then further develop the
formalism to take into account the cosmological perturbations and dark matter temperature evolu-
tion. We then use the latest observational cosmology data, including cosmic microwave background
(CMB) data, baryon acoustic oscillations (BAO) data, redshift-space distortion (RSD) data and
Type Ia supernovae (SNe) data to constrain the model parameters. We find in the phantom region,
a positive α is preferred by the data above 2σ statistic significance. If we choose the power indices
to be integers or half-integers for plausible physics of particle interaction, the allowed values within
1σ confidence regions are α = 0.5 and β = 0, 0.5, 1. The inclusion of BAO and RSD data from
large-scale structure and SNe data improves the constraints significantly. Our model predicts lower
values of f(z)σ8(z) at z < 1 comparing to ΛCDM model, which alleviates the tension of ΛCDM with
various RSD data from optical galaxy surveys. Overall, the DM-DE interaction model is consistent
with the current observational data, especially providing a better fit to the RSD data.
I. INTRODUCTION
Recently, the Planck measurement of the cosmic mi-
crowave background radiation (CMB) produces the best-
fitting cosmological parameters, which are in good agree-
ment with the low redshift observations (e.g., Baryon
Acoustic Oscillation (BAO) from galaxy survey, Type-
Ia supernovae data (SNe) and galaxy lensing measure-
ments) [1]. However, there is a roughly 2.5σ con-
fidence level (C.L.) tension between the base Planck
ΛCDM cosmology prediction and the DES combined-
probe results (the later prefers a lower late-time clus-
tering amplitude σ8 or matter density Ωm). Besides, the
Planck base ΛCDM cosmology requires H0 = (67.4 ±
0.5) km s−1 Mpc−1, which leads to a 4.0σ–5.8σ tension
with the local Hubble constant measurements depending
on the approaches used [2]. Many new observations of
Hubble constant and new physics trying to explain the
discrepancy are discussed in Ref. [2].
Theoretically, new ideas beyond ΛCDM model are de-
veloped, aiming to solve the well-known cosmological
constant problem and coincidence problem. Moreover, it
has been pointed out that the effective field theory that
compatible with string theory should satisfy the swamp-
land criteria, while the cosmological constant scenario
does not [3].
One possible way to alleviate these problems is to con-
sider the interaction between dark sectors [4]. It is re-
ported that the H0 and σ8 tension could be solved or
reduced simultaneously by considering an interaction in
the dark sector [5–8]. Also, it could alleviate the coinci-
dence problem by allowing a constant ratio of dark sector
densities [9]. In Ref. [10], the authors explore the possi-
bility that the interaction functions possess a minimum
and argue that this model could alleviate the tension be-
tween the swampland conjectures and the quintessential
potential [10]. Besides, in the framework of field theory,
it is natural and inevitable to consider such interactions
between dark sectors, and the investigation of the inter-
action could help us to understand the nature of them
[11].
Various models are proposed and tested in the litera-
ture (for reviews, see [12–14]). A much studied case is
Q = H(ξ1ρc + ξ2ρd). Other models are also considered,
such as Q = Γ(ρ˙c + ρ˙d) [15], Q = HΓρcρd/(ρc + ρd) [16],
where ρc and ρd are the energy densities of dark mat-
ter and dark energy respectively and Γ, ξ1, ξ2 describe
the interaction strength. Besides, the holographic prin-
ciple is applied in some work [13, 17] and the coupled
quintessence model is discussed in Ref. [18].
However, a physically more plausible form of interac-
tion form is for the interaction term to be proportional
to the product of the densities of interacting components
or some powers of these [17, 19]. For example, in the fa-
miliar case of chemical reactions this is the case. Thus a
natural way to construct the phenomenological model is
to suppose the interaction term is proportional to some
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2powers of the densities,
ρ˙c + 3aHρc = aγρ
α
c ρ
β
d , (1)
ρ˙d + 3a(1 + w)Hρd = −aγραc ρβd , (2)
where the dot denotes the time derivative with respect
to the conformal time and a is the scale factor. In this
work, we consider a minimal model in which the equation
of state of dark energy w is a constant. The power index
α, β are assumed to be non-negative numbers. If we set
the indices to be simple integers, the model could reduce
to the interactions in the usual sense, such as “decay” (if
one is 0 and the other is 1), “annihilation” (if one is 0,
and the other is 2). And γ > 0 indicates dark energy
is converted to dark matter, while γ < 0 indicates the
opposite process.
Previous work on the interacting dark energy models
mainly focuses on the impact on the background evolu-
tions and expansion history. However, from the theo-
retical point of view, the inhomogeneity of dark matter
will naturally lead to dark energy perturbations as the
energy transfers between the two components. And the
change of density and velocity perturbations will influ-
ence the structure formation and some observational ef-
fects (e.g., redshift space distortion). So in this paper, we
also investigate the impact on the growth of cosmological
perturbations.
Notably, as the perturbed interaction four-vector δQν
cannot be determined uniquely by the background in-
teraction form Q, the formalisms developed by different
groups differ from each others slightly. In Refs. [20–
22], δQν = δQuνc/a or δQ
ν = δQuνd/a is assumed
to avoid momentum transfer in the rest frame of dark
sector, where uνd and u
ν
d are the four velocities. In
Refs. [11, 23], on the other hand, the authors assume
the energy transfer is stationary and non-gravitational
interaction between dark sectors does not exist and so
the non-vanishing component is δQ0 = δQ/a. In this pa-
per, we studied the problem with a specific Lagrangian
model, for which δQi(λ) = Q
0
(λ)v(λ)(λ = c,d). However,
the different choices of δQi have negligible influence on
the observables, only δQ0 matters in the perturbation
evolutions.
II. FORMALISMS
In this section, we present the formalisms of back-
ground evolutions, linear perturbations and thermody-
namics in this model. The background evolutions of dark
matter and dark energy are described by Eqs. (1) and (2).
Due to the energy transfer, the energy-momentum tensor
of each component is no longer conserved,
∇µTµν(λ) = Qν(λ). (3)
We can specify the background coupling vector Qν(λ) in
the comoving frame as [23]
Qν(λ) =
[
Q(λ)
a
, 0, 0, 0
]T
, (4)
Qν(λ)Qν(λ) = g00
(
Q0(λ)
)2
= −Q2(λ), (5)
Q = Qc = −Qd = γραc ρβd , (6)
where Q(λ) is the module of Q
ν
(λ), and Q is the energy
transfer rate with respect to the cosmic time. For con-
venience, we use the critical density today to define the
dimensionless interaction parameter as
λ = γρα+β−1cr H
−1
0 , ρcr = 3H
2
0M
2
pl. (7)
For the linear perturbations in the presence of the in-
teraction, we first review the formalisms developed in
Refs. [11, 23, 24], and then apply them in this model.
To obtain the zero component of the perturbed energy-
momentum transfer, one can perturb Eq. (5) and find
δQ0(λ) = −
ψ
a
Q(λ) +
1
a
δQ(λ), (8)
where ψ is the scalar metric perturbation. δQ0(λ) is
uniquely determined by the background coupling vector
Qν(λ) and it is proved that it is covariant [23]. How-
ever, the spatial component of the perturbed energy-
momentum transfer δQi(λ) has to be specified based on
the physics. The potential of δQi(λ) could be decomposed
as
δQp(λ) = Q
I
p(λ)
∣∣∣
t
+Q0(λ)vt. (9)
QIp(λ)
∣∣∣
t
denotes the external non-gravitational force den-
sity between the two components and vt is the energy
transfer velocity. As mentioned in the Introduction, vt is
set to be 0 or follows the velocities of dark sectors in the
literature.
In the following analysis, we illustrate how to deter-
mine δQi in a concrete example of our phenomenological
model. We assume dark matter and dark energy are de-
scribed by two scalar fields ψ and φ, respectively. The
Lagrangian reads
L =
√−g
[
R
16piG
− 1
2
∇µψ∇µψ − V (ψ)− 1
2
∇µφ∇µφ
−U(φ)− I(ψ, φ)
]
. (10)
If we assume the interaction term I(ψ, φ) and the scalar
potential as follows, Eq. (6) is recovered.
I(ψ, φ) =
γC2α+2β−1
4α+βα2α(1 + w)ββ2β
ψ2αφ2β , (11)
V (ψ) =
C2
8α2
ψ2, (12)
U(φ) =
C2
8β2
1− w
1 + w
φ2, (13)
3where C = Q/I(ψ, φ) is a constant in unit of s−1.
The field equation and the equations of motion for the
scalar fields are
Gµν = 8piG
[
T (c)µν + T
(d)
µν − gµνI(ψ, φ)
]
, (14)
ψ − V,ψ − I,ψ = 0, (15)
φ − V,φ − I,φ = 0, (16)
where
T (c)µν = ∇µψ∇νψ − gµν
[
1
2
gρσ∇ρψ∇σψ + V (ψ)
]
,
(17)
T (d)µν = ∇µφ∇νφ− gµν
[
1
2
gρσ∇ρφ∇σφ+ U(φ)
]
.(18)
So we obtain
∇µTµν(c) = I,ψ∂νψ = Qν(c), (19)
∇µTµν(d) = I,φ∂νφ = Qν(d). (20)
δQ0(λ) is consistent with Eq. (8) and δQ
i
(λ) = Q
0
(λ)v(λ).
However, we have checked that the inclusion of δQi has
negligible impact on the cosmological observables.
In the synchronous gauge, the density and velocity per-
turbation equations for dark matter and dark energy in
our model read
δ˙c = −(θc + h˙
2
) + aγρα−1c ρ
β
d [(α− 1)δc + βδd], (21)
θ˙c = −aHθc − aγρα−1c ρβdθc + k2c2cδc, (22)
δ˙d = −(1 + ω)(θd + h˙
2
) + 3aH(ω − c2e)δd
−aγραc ρβ−1d [(β − 1)δd + αδc]− 3aH
(c2e − c2a)[3aH(1 + ω) + aγραc ρβ−1d ]
θd
k2
, (23)
θ˙d = −aHθd(1− 3c2e)−
w˙
1 + w
θd +
1
1 + w
(1 + c2e)aγρ
α
c ρ
β−1
d θd +
k2c2eδd
1 + w
, (24)
where we have used the form of the perturbed pressure
of dark energy in a general frame [11, 25],
δPd = c
2
eδdρd +
(
c2e − c2a
) [3aH(1 + ω)θdρd
k2
− a2Q0d
θd
k2
]
.
(25)
In practice, we set the effective sound speed of dark en-
ergy in the rest frame ce = 1 and adiabatic sound speed
of dark energy c2a = w.
We set the adiabatic initial conditions for the pertur-
bations following [26]. In order to obtain analytical solu-
tions of initial conditions, we neglect all the interaction
terms when solving the continuity and Euler equations.
So our initial conditions are identical with Ref. [26].
δc =
3
4
δγ = −1
2
C(kτ)2, (26)
θc = 0, (27)
θγ = − 1
18
C(k4τ3), (28)
δd = −C
2
(1 + w)
4− 3c2e
4− 6w + 3c2e
(kτ)2
=
1 + w
7− 6wδc, (29)
θd = −C
2
c2e
4− 6w + 3c2e
(kτ)3k =
9
7− 6wθγ , (30)
where γ corresponds to photons and C is a constant.
Besides, the term k2c2cδc appearing in the RHS of θ˙c
is always ignored by previous work. Nevertheless, com-
pared with ΛCDM model, δc and cc are affected by the in-
teraction. Hence this term might be enhanced and should
be taken into account. It’s necessary to investigate the
contribution of this term to θ˙c. The sound speed of dark
matter cc is defined as [24]
c2c =
kBTc
mc
(
1− d lnTc
3d ln a
)
, (31)
where mc is the mass of dark matter particle. We follow
the methods in Refs. [27, 28] to calculate the temperature
evolution of dark matter in the interacting model using
the second law of thermodynamics and obtain
T˙c =
(
∂Tc
∂nc
)
ρc
n˙c +
(
∂Tc
∂ρc
)
nc
ρ˙c
=
(
∂Tc
∂nc
)
ρc
(
−3aHnc + aQ
mc
)
+
(
∂Tc
∂ρc
)
nc
(−3aHρc + aQ)
= −2aHTc
(
1− γρ
α−1
c ρ
β
d
3H
)
, (32)
where we have used T
(
∂p
∂ρ
)
n
= (ρ+p)
(
∂T
∂ρ
)
n
+n
(
∂T
∂n
)
ρ
,(
∂pc
∂ρc
)
nc
= 2/3 and n is the number density. As the
wrong relation
(
∂pc
∂ρc
)
nc
= weff = wc − Q3Hρc is used in
Ref. [28], Eq. (34) in Ref. [28] is related to Eq. (32) in
this paper by a factor 2/3.
To solve the above equation numerically, we need to
set the initial temperature in the early universe. If we
assume Tc = 0 initially, we obtain a trivial solution, as
the macroscopic interaction of the dark matter does not
generate the microscopic motion and temperature. Here
we set the initial temperature as evolved from earlier
time, assuming that dark matter annihilates to baryons
through weak-scale interactions at high energies. The
freeze-out redshift can be obtained by [29]
Tc(z) = Tb(z) at H(z) = 〈σwv〉 ρc(z)/mc, (33)
4TABLE I: BAO measurements from various surveys adopted
in this work.
Redshift Measurement Value Surveys
0.106 rs/DV 0.327± 0.015 6dFGS [36]
0.15 DV/rs 4.47± 0.16 SDSS DR7-MGS [37]
0.35 DV/rs 9.11± 0.33 SDSS DR7-LRG [38]
0.38 DM(rs,fid/rs) 1518.4± 22.4 SDSS DR12-BOSS [39]
0.38 H(z)(rs/rs,fid) 81.51± 1.91 SDSS DR12-BOSS
0.51 DM(rs,fid/rs) 1977.4± 26.5 SDSS DR12-BOSS
0.51 H(z)(rs/rs,fid) 90.45± 1.94 SDSS DR12-BOSS
0.61 DM(rs,fid/rs) 2283.2± 31.9 SDSS DR12-BOSS
0.61 H(z)(rs/rs,fid) 97.26± 2.09 SDSS DR12-BOSS
1.52 DV/rs 26.005± 0.995 SDSS DR14[40]
where we take the weak-scale cross section 〈σwv〉 ∼
10−26 cm3 s−1 and Tb is the baryons temperature. After
freeze-out, Tc(z) evolves adiabatically until being influ-
enced by the DM-DE interaction at low redshifts.
III. METHODS
We modify the public Boltzmann code CLASS [30, 31]
to implement our model and to compute the theoretical
values of the observables. Given the present-day Hubble
parameter H0 and the fraction of dark matter Ωc, we can
use the shooting method to obtain the initial conditions
of ρc and ρd. Note that we only assume dark energy in-
teracts with dark matter, so the evolution of baryons is
unchanged. Then we use the code Monte Python [32, 33]
which adopts the Markov chain Monte Carlo (MCMC)
method to constrain the parameters in this model by fit-
ting the cosmological data.
The data we have used includes CMB data, BAO data,
redshift space distortion (RSD) data and SNe data. The
CMB data consists of Planck 2015 temperature, polar-
ization power spectrum (TT, TE, EE, low-`) and lens-
ing measurements [34, 35]. We also combine recent and
reliable BAO and RSD measurements from various sur-
veys, summarized in Tables I and II. As pointed out in
Ref. [1], Quasar Lyα measurements are based on some
assumptions and WiggleZ survey volume overlaps with
BOSS-CMASS partly. So we do not include the BAO
data from Quasar Lyα and WiggleZ in our analysis.
Table I shows the measurements of distance ratio
DV/rs at the effective redshift. DV is a combination of
Hubble parameter H(z) and comoving angular diameter
distance DM(z) [1],
DV(z) =
[
D2M(z)
cz
H(z)
]1/3
. (34)
rs is the comoving sound horizon at the end of the baryon
drag epoch.
The peculiar velocity of galaxies could lead to distor-
tion of clustering of galaxies in the redshift space. So
TABLE II: RSD measurements from various surveys adopted
in this work.
Redshift f(z)σ8(z) Surveys
0.02 0.428± 0.0465 Velocities from SNe [41]
0.067 0.423± 0.055 6dFGS [42]
0.15 0.49± 0.15 SDSS DR7-MGS [43]
0.3 0.49± 0.09 SDSS DR7-LRG [44]
0.18 0.36± 0.09 GAMA [45]
0.38 0.44± 0.06 GAMA
0.38 0.4975± 0.0451 SDSS DR12-BOSS
0.51 0.4575± 0.0377 SDSS DR12-BOSS
0.61 0.4361± 0.0344 SDSS DR12-BOSS
0.44 0.435± 0.055 WiggleZ [46]
0.60 0.451± 0.042 WiggleZ
0.73 0.478± 0.038 WiggleZ
0.6 0.55± 0.12 VIPERS [47]
0.86 0.40± 0.11 VIPERS
1.4 0.482± 0.116 FastSound [48]
1.52 0.426± 0.077 SDSS DR14 [49]
measuring RSD effect can help us to probe the growth
function. Table II shows the constraints on f(z)σ8(z)
from various surveys. The scale-independent growth
function is defined as
f(z) =
d lnD
d ln a
, D(a) =
δ(a)
δ(a0)
. (35)
We use the SNe data from the “Pantheon Sample”,
which consists of 1048 SNe with the redshift spanning
0.01 < z < 2.3. This sample is a combination of SNe Ia
from Pan-STARRS1 Medium Deep Survey, SNLS, and
several low-z and Hubble Space Telescope samples [50].
Due to the divergency of perturbations when w ap-
proaches −1, we constrain the models with w < −1 and
w > −1 separately. We choose a broad range for the
dark matter mass mc, and we do not impose boundary
on λ, both positive and negative values are allowed. We
impose the following upper bound on the power indices
α and β. Physically, if the interaction is due to coupling
between two fields, one might expect a small value of α
and β from their interaction, while a single term of large
power is not very plausible. Also, it is necessary to set
some prior range for the computation in practice. After
some trials, The prior ranges are set as
0 < α < 40, (36)
0 < β < 40, (37)
−2 < w < −1 or − 1 < w < −0.5, (38)
1 eV < mc < 10 TeV. (39)
We shall discuss these priors further below.
IV. RESULTS AND DISCUSSIONS
Fig. 1 shows the confidence contours for the parameters
in the models w < −1 and w > −1. Tables III,IV sum-
marize the best-fit parameters and 1σ, 2σ bounds from
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FIG. 1: One-dimensional marginalized posterior distribution and 68%, 95% confidence regions of the four free parameters in
the model. The red lines correspond to the constraining results from CMB data only, and the blue lines correspond to joint
constraints from CMB+BAO+RSD+SNe dataset. Left panel is for the model w < −1 and the right panel is for w > −1. To
illustrate the strength of interaction, we also plot the constraints for r, defined as r = aγραc ρ
β
d/(aHρd) = λΩ
α
c Ω
β−1
d , which
is the ratio between interaction term and expansion term in Eq. (2) at present day. For the w > −1 case, we do not plot λ
contours as it is not well constrained.
the CMB data and CMB+BAO+RSD+SNe dataset. We
find the constraints for the two models w < −1 and
w > −1 differ from each other significantly. Besides the
parameters in our model, we also show the constraints on
some cosmological parameters, which are similar with the
results of ΛCDM model in Ref. [35], except that a larger
dark matter fraction Ωch
2 and a lower σ8 are preferred
by the CMB data.
For the model w < −1, λ ∈ (−0.05, 0.21) at 95% confi-
dence level, indicating the deviation from ΛCDM model
cannot be too large. And α ∈ (0.03, 0.63), β ∈ (0, 3.6),
w ∈ (−1.072,−1) at 95% confidence level imply that a
non-zero value of α is preferred by the dataset. If we limit
the power indices to integers or half-integers for physi-
cal reasons, then the preferred values are α = 0.5 and
β = 0, 0.5, 1. The inclusion of large-scale structure (LSS)
and SNe data improves the constraints of λ significantly
but has little impact on the other parameters.
For the model w > −1, β and λ are poorly constrained.
The 2σ confidence regions for the other parameters are
α ∈ (0, 0.32), β ∈ (20, 43) and w ∈ (−0.9957,−0.9835).
Thus a non-zero and large value of β is preferred by the
data. In addition, w obeys a nearly Gaussian distribu-
tion, peaking at −0.99. In this model, the viable param-
eter space is reduced by about 50% after including the
LSS and SNe data.
In the following part, we take the best-fitting mod-
els as examples to discuss the background, perturbations
and thermodynamics evolutions in the existence of in-
teraction. Fig. 2 shows the evolutions of densities for
dark matter and dark energy, compared with the ΛCDM
model. In both best-fitting models, λ is positive, so the
curves on the left panel have negative slopes, suggesting
dark energy is converted to dark matter. In the w < −1
model, the ratio of densities for dark matter is enhanced
by several percentage from z ∼ 1 to the present day and
the density of dark energy at z = 104 is about 30% of
the present day value.
In the w > −1 model, a large β is favored. In fact,
the limit of β is comparable to its prior range. Greater β
value would also be allowed if we have set a higher prior.
To understand this, note that the interaction term is
aγραc ρ
β
d = aH0ρcrλ(ρc/ρcr)
α(ρd/ρcr)
β , for large β, since
ρd < ρcr, this term becomes negligibly small compared
to the expansion terms, so that despite of the appear-
ance, the model actually behaves very similar to non-
interaction ΛCDM model. The density evolution of dark
matter is nearly identical with ΛCDM model, while the
dark energy density is nearly constant as in the case of
cosmological constant. Furthermore, in this case a large
value of λ is allowed, as the (ρd/ρcr)
β factor suppressed
the whole term to very small value.
To quantify the contribution of interaction to the den-
sity evolution, we compare the interaction term with ex-
pansion term in Fig. 3. In the matter dominant era, the
ratio can be approximately written as aγραc ρ
β
d/3aHρc ∝
6TABLE III: Constraints on the parameters in the model w < −1.
Planck Planck Planck+BAO+RSD+SNe Planck+BAO+RSD+SNe Planck+BAO+RSD+SNe
Parameter 68% C.L. 95% C.L. 68% C.L. 95% C.L. Best fit
λ 0.27+0.15−0.29 0.27
+0.47
−0.38 0.060
+0.031
−0.078 0.06
+0.15
−0.11 0.050
α 0.32+0.24−0.13 0.32
+0.26
−0.31 0.37
+0.25
−0.11 0.37
+0.26
−0.34 0.22
β 0.80+0.19−0.76 0.8
+1.3
−0.80 1.19
+0.11
−1.19 1.2
+2.4
−1.2 1.09
w −1.034+0.034−0.011 −1.034+0.034−0.042 −1.029+0.029−0.010 −1.029+0.029−0.043 -1.047
Ωbh
2 0.02227+0.00016−0.00016 0.02227
+0.00032
−0.00032 0.02226
+0.00015
−0.00015 0.02226
+0.00030
−0.00030 0.02227
Ωch
2 0.139+0.012−0.022 0.139
+0.034
−0.030 0.1235
+0.0027
−0.0056 0.124
+0.010
−0.0078 0.1227
H0 [km s
−1Mpc−1] 66.6+2.1−1.7 66.6
+3.6
−3.7 67.94
+0.73
−0.74 67.9
+1.5
−1.5 68.74
σ8 0.757
+0.071
−0.047 0.76
+0.11
−0.12 0.810
+0.015
−0.013 0.810
+0.028
−0.029 0.812
TABLE IV: Constraints on the parameters in the model w > −1.
Planck Planck Planck+BAO+RSD+SNe Planck+BAO+RSD+SNe Planck+BAO+RSD+SNe
Parameter 68% C.L. 95% C.L. 68% C.L. 95% C.L. Best fit
λ −0.1+4.1−3.4 −0.1+8.9−9.5 10+76−75 10+190−190 7
α 0.16+0.047−0.16 0.16
+0.22
−0.16 0.13
+0.040
−0.13 0.13
+0.19
−0.13 0.031
β 24+11−11 24
+16
−17 31.8
+8.2
−4.7 32
+8
−12 34.6
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FIG. 2: The ratio of densities in the interacting models and ΛCDM model for dark matter (left panel) and dark energy (right
panel) with respect to the redshift z. We choose the best-fitting models preferred by the CMB+BAO+RSD+SNe data set for
the models w < −1 and w > −1.
(1+z)3α−4.5, so the contribution of interaction to the den-
sity evolutions is only important at low redshifts (roughly
z < 1).
The cosmological perturbations are shown in Fig. 4.
We only plot the density perturbation of dark matter in
the ΛCDM model, while the evolution in the interact-
ing model could have several percent deviation. For the
dark energy, the density perturbation which is several
orders smaller than δc grows and then keeps stable since
z ∼ 104. In the ΛCDM model, one usually sets θc = 0 in
the synchronous gauge. In the interacting models, θc has
a tiny value. However, for dark energy, θd is extremely
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FIG. 3: The ratio of interaction term aγραc ρ
β
d and expansion
term 3aHρc for dark matter (3a(1 +w)Hρd for dark energy)
in the same best-fitting models as Fig. 2.
large, even several orders larger than θb. We note that
to calculate θ˙c, the term k
2c2cδc is in the same order of
aHθc and even dominates in the range 0 < z < 10
4
and 0.01 Mpc−1 < k < 1 Mpc−1. So this term cannot
be dropped. But θc is really small and hence different
choices of mc have little impact on the evolution of the
universe. We plot the posterior distribution of mc in
Fig. 5 and the distribution is nearly flat within the range
100 eV–1 TeV. We have checked that for different choices
of mc in this range, the difference of the CMB power
spectrum is smaller than 0.001%. The temperature evo-
lutions of dark matter are shown in Fig. 6. Dark matter
cools nearly adiabatically until z ∼ 1 and the tempera-
ture is enhanced due to the interaction by about 2% in
the w < −1 model. According to Eq. (32), if γ > 0 dark
matter is heated by dark energy and otherwise cooled.
The linear matter power spectrum at present is shown
in Fig. 7. As illustrated in Fig. 4, the dark matter pertur-
bations in the interacting model is similar with ΛCDM
model. So the linear power spectrum makes little differ-
ence. The modification to the nonlinear power spectrum
is much more significant and we will discuss it in the
future paper.
We plot the evolutions of f(z)σ8(z) in our model and
ΛCDM model in Fig. 8. fσ8 = adσ8(z)/da reveals
the time derivative of matter fluctuations on the scale
8 h−1Mpc. Most measurements of f(z)σ8(z) at z < 1
are lower than that predicted by ΛCDM model. Coin-
cidently, as discussed above, the interaction mainly in-
fluences the late time evolution of the universe (roughly
z < 1). In the w < −1 model, the evolution of f(z)σ8(z)
is similar with ΛCDM model at high redshift and de-
creases since z < 1. So the fit to data points in our
model is much better than the ΛCDM model, alleviating
the tension at low redshift. Quantitatively, we calculate
the reduced chi-square χ2ν = χ
2/(n − m) to obtain the
goodness of fit, where n is the number of data points and
m is the number of free parameters. We fix the cosmolog-
ical parameters in different models and hence there are 5
free parameters left. So χ2ν is 0.56 for the w < −1 model
and 0.75 for the ΛCDM model. Also, the curve predicted
by the w < −1 model is within all the 1σ bounds of the
measurements used in this plot.
V. SUMMARY
In this paper, we consider the possible interaction be-
tween dark matter and dark energy and the impact on
the evolution of universe. The interaction strength is
proportional to some powers of the densities. We follow
some previous work to derive the equations governing the
evolutions of perturbations and thermodynamics in this
model. And then we constrain the model using the latest
cosmological data with the modified Boltzmann code.
For the w > −1 model, the 2σ bounds are α ∈
(0, 0.32), β ∈ (20, 43), w ∈ (−0.9957,−0.9835). A very
large value of β is preferred by the data and w obeys the
Gaussian distribution, peaking at −0.99.
For the w < −1 model, the constraining results are
λ ∈ (−0.05, 0.21), α ∈ (0.03, 0.63), β ∈ (0, 3.6) and w ∈
(−1.072,−1) at 95% confidence level. While the non-
interacting case (λ = 0) could accommodate the current
data, a positive α is preferred, indicating the coupling
strength between dark sectors may depend on ραc . For the
physical reasons, one can choose the indices as integers
or half-integers and the allowed values within 1σ regions
are α = 0.5 and β = 0, 0.5, 1. The inclusion of LSS and
SNe data improves the constraints of some parameters
significantly.
The background density evolution of dark matter could
deviate from ΛCDM model by several percent. We also
consider the perturbations in the existence of interaction
and the impact on the structure formation and redshift
space distortion. The density perturbation of dark mat-
ter could have deviation from ΛCDM model by several
percent. Notably, θd is several orders larger than the
velocity perturbation of baryons θb. We note that the
term k2c2cδc is dominant when calculating θ˙c and hence
could not be dropped. Because the velocity perturbation
of dark matter is tiny, different choices of dark matter
mass could hardly influence the results. In the w < −1
model, dark matter cools adiabatically, then heated due
to the interaction by about 2% since z ∼ 1.
The linear power spectrum in this model makes lit-
tle difference and we will discuss the nonlinear power
spectrum in the future paper. The observed f(z)σ8(z)
values at z < 1 are mostly lower than that predicted
by the ΛCDM model. As the effects of the interaction
mainly appear at low redshift, the w < −1 model can
alleviate the tension and fit the data points much bet-
ter. Quantitatively, the reduced chi-square is 0.56 for
the w < −1 model and 0.75 for the ΛCDM model. In
summary, this class of interacting model in the phantom
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FIG. 4: The density (left panel) and velocity (right panel) perturbations for baryons, dark matter and dark energy on the scale
k = 0.1 Mpc−1 in the same models as Fig. 2. The evolutions of δc are similar in different interacting models and ΛCDM model.
FIG. 5: One-dimensional marginalised probability
distribution for the parameter mc constrained by
CMB+BAO+RSD+SNe dataset.
region (w < −1) is physically plausible and could pro-
vide better fit to the current CMB data from Planck,
BAO and RSD data from SDSS and Type-Ia supernovae
from Pantheon samples.
Acknowledgments
G.C., F. W. and X.C. acknowledge the support of the
NSFC through grant No. 11633004, 11473044, U1501501,
MoST through grant 2016YFE0100300, the CAS through
QYZDJ-SSW-SLH017 and XDB 23040100. Y.Z.M. ac-
knowledges the support of NRF with grant no.105925,
109577, and 120378, and NSFC with grant no. 11828301.
J. Z. is supported by IBS under the project code, IBS-
R018-D1.
[1] Planck Collaboration, N. Aghanim, Y. Akrami, M. Ash-
down, J. Aumont, C. Baccigalupi, M. Ballardini, A. J.
Banday, R. B. Barreiro, N. Bartolo, S. Basak, R. Battye,
K. Benabed, J. P. Bernard, M. Bersanelli, P. Bielewicz,
J. J. Bock, J. R. Bond, J. Borrill, F. R. Bouchet,
F. Boulanger, M. Bucher, C. Burigana, R. C. Butler,
E. Calabrese, J. F. Cardoso, J. Carron, A. Challinor,
H. C. Chiang, J. Chluba, L. P. L. Colombo, C. Combet,
D. Contreras, B. P. Crill, F. Cuttaia, P. de Bernardis,
G. de Zotti, J. Delabrouille, J. M. Delouis, E. Di
Valentino, J. M. Diego, O. Dore´, M. Douspis, A. Ducout,
X. Dupac, S. Dusini, G. Efstathiou, F. Elsner, T. A.
Enßlin, H. K. Eriksen, Y. Fantaye, M. Farhang, J. Fer-
gusson, R. Fernandez-Cobos, F. Finelli, F. Forastieri,
M. Frailis, E. Franceschi, A. Frolov, S. Galeotta, S. Galli,
K. Ganga, R. T. Ge´nova-Santos, M. Gerbino, T. Ghosh,
J. Gonza´lez-Nuevo, K. M. Go´rski, S. Gratton, A. Grup-
puso, J. E. Gudmundsson, J. Hamann, W. Hand ley,
D. Herranz, E. Hivon, Z. Huang, A. H. Jaffe, W. C.
Jones, A. Karakci, E. Keiha¨nen, R. Keskitalo, K. Ki-
iveri, J. Kim, T. S. Kisner, L. Knox, N. Krachmal-
nicoff, M. Kunz, H. Kurki-Suonio, G. Lagache, J. M.
Lamarre, A. Lasenby, M. Lattanzi, C. R. Lawrence,
M. Le Jeune, P. Lemos, J. Lesgourgues, F. Levrier,
A. Lewis, M. Liguori, P. B. Lilje, M. Lilley, V. Lind-
holm, M. Lo´pez-Caniego, P. M. Lubin, Y. Z. Ma,
910 3 10 2 10 1 100 101 102 103 104
z
10 11
10 9
10 7
10 5
10 3
10 1
101
103
105
T
 [K
]
Tcdm in the bestfit model for w<-1
Tcdm in the bestfit model for w>-1
Tb
10 2 10 1 100 101 102 103 104
z
1.000
1.005
1.010
1.015
1.020
T w
.c
ou
pl
in
g /
 T
w.
o.
co
up
lin
g
Tcdm in the bestfit model for w<-1
Tcdm in the bestfit model for w>-1
FIG. 6: Left panel: Temperature evolutions of baryons and dark matter in the best-fitting models as Fig. 2. Right panel: The
ratio of temperature exactly evolved as Eq. (32) and the temperature in the case without coupling (cooling adiabatically) under
the same initial condition.
FIG. 7: Top panel: Linear matter power spectrum at z = 0 in
the best-fitting models as Fig. 2. Bottom panel: The relative
difference of matter power spectrum in the interacting model
and ΛCDM model.
J. F. Mac´ıas-Pe´rez, G. Maggio, D. Maino, N. Man-
dolesi, A. Mangilli, A. Marcos-Caballero, M. Maris,
P. G. Martin, M. Martinelli, E. Mart´ınez-Gonza´lez,
S. Matarrese, N. Mauri, J. D. McEwen, P. R. Mein-
hold, A. Melchiorri, A. Mennella, M. Migliaccio, M. Mil-
lea, S. Mitra, M. A. Miville-Descheˆnes, D. Molinari,
L. Montier, G. Morgante, A. Moss, P. Natoli, H. U.
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
z
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
fσ
8
ΛCDM
w>-1
w<-1
WiggleZ
SDSS LRG
6dFGS
SDSS MGS
SNe
GAMA
VIPERS
FastSound
SDSS DR14
BOSS
FIG. 8: f(z)σ8(z) evolutions with respect to the redshift in
the best-fitting models as Fig. 2 and ΛCDM model. The
data points with error bar are measurements from the surveys
listed in Table II. We shift some of the data point horizontally
a bit (∆z < 0.003) to avoid overlap.
Nørgaard-Nielsen, L. Pagano, D. Paoletti, B. Partridge,
G. Patanchon, H. V. Peiris, F. Perrotta, V. Pettorino,
F. Piacentini, L. Polastri, G. Polenta, J. L. Puget,
J. P. Rachen, M. Reinecke, M. Remazeilles, A. Renzi,
G. Rocha, C. Rosset, G. Roudier, J. A. Rubin˜o-Mart´ın,
B. Ruiz-Granados, L. Salvati, M. Sandri, M. Savelainen,
D. Scott, E. P. S. Shellard, C. Sirignano, G. Sirri, L. D.
Spencer, R. Sunyaev, A. S. Suur-Uski, J. A. Tauber,
D. Tavagnacco, M. Tenti, L. Toffolatti, M. Tomasi,
T. Trombetti, L. Valenziano, J. Valiviita, B. Van Tent,
L. Vibert, P. Vielva, F. Villa, N. Vittorio, B. D. Wand
elt, I. K. Wehus, M. White, S. D. M. White, A. Zacchei,
and A. Zonca, arXiv e-prints , arXiv:1807.06209 (2018),
10
arXiv:1807.06209 [astro-ph.CO] .
[2] L. Verde, T. Treu, and A. G. Riess, Nature Astronomy
3, 891 (2019), arXiv:1907.10625 [astro-ph.CO] .
[3] G. Obied, H. Ooguri, L. Spodyneiko, and C. Vafa, arXiv
e-prints , arXiv:1806.08362 (2018), arXiv:1806.08362
[hep-th] .
[4] L. Santos, W. Zhao, E. G. M. Ferreira, and J. Quintin,
Phys. Rev. D 96, 103529 (2017), arXiv:1707.06827 [astro-
ph.CO] .
[5] S. Kumar, R. C. Nunes, and S. K. Yadav, European
Physical Journal C 79, 576 (2019), arXiv:1903.04865
[astro-ph.CO] .
[6] E. Di Valentino, A. Melchiorri, O. Mena, and
S. Vagnozzi, arXiv e-prints , arXiv:1908.04281 (2019),
arXiv:1908.04281 [astro-ph.CO] .
[7] W. Yang, S. Pan, E. Di Valentino, R. C. Nunes,
S. Vagnozzi, and D. F. Mota, JCAP 2018, 019 (2018),
arXiv:1805.08252 [astro-ph.CO] .
[8] E. Di Valentino, A. Melchiorri, O. Mena, and
S. Vagnozzi, arXiv e-prints , arXiv:1910.09853 (2019),
arXiv:1910.09853 [astro-ph.CO] .
[9] A. A. Costa, X.-D. Xu, B. Wang, and E. Abdalla, JCAP
2017, 028 (2017), arXiv:1605.04138 [astro-ph.CO] .
[10] C. van de Bruck and C. C. Thomas, Phys. Rev. D 100,
023515 (2019), arXiv:1904.07082 [hep-th] .
[11] A. A. Costa, X.-D. Xu, B. Wang, E. G. M. Fer-
reira, and E. Abdalla, Phys. Rev. D 89, 103531 (2014),
arXiv:1311.7380 [astro-ph.CO] .
[12] B. Wang, E. Abdalla, F. Atrio-Barandela, and D. Pavo´n,
Reports on Progress in Physics 79, 096901 (2016),
arXiv:1603.08299 [astro-ph.CO] .
[13] S. Wang, Y. Wang, and M. Li, Phys. Rep. 696, 1 (2017),
arXiv:1612.00345 [astro-ph.CO] .
[14] Y. L. Bolotin, A. Kostenko, O. A. Lemets, and D. A.
Yerokhin, International Journal of Modern Physics D 24,
1530007 (2015), arXiv:1310.0085 [astro-ph.CO] .
[15] M. Shahalam, S. D. Pathak, M. M. Verma, M. Y.
Khlopov, and R. Myrzakulov, European Physical Jour-
nal C 75, 395 (2015), arXiv:1503.08712 [gr-qc] .
[16] S. del Campo, R. Herrera, and D. Pavo´n, Phys. Rev. D
91, 123539 (2015), arXiv:1507.00187 [gr-qc] .
[17] Y.-Z. Ma, Y. Gong, and X. Chen, European Physical
Journal C 69, 509 (2010), arXiv:0901.1215 [astro-ph.CO]
.
[18] J. Mifsud and C. van de Bruck, JCAP 2017, 001 (2017),
arXiv:1707.07667 [astro-ph.CO] .
[19] G. Mangano, G. Miele, and V. Pettorino, Mod-
ern Physics Letters A 18, 831 (2003), arXiv:astro-
ph/0212518 [astro-ph] .
[20] M. B. Gavela, D. Herna´ndez, L. Lopez Honorez, O. Mena,
and S. Rigolin, JCAP 2009, 034 (2009), arXiv:0901.1611
[astro-ph.CO] .
[21] L. Lopez Honorez, B. A. Reid, O. Mena, L. Verde, and
R. Jimenez, JCAP 2010, 029 (2010), arXiv:1006.0877
[astro-ph.CO] .
[22] M. B. Gavela, L. Lopez Honorez, O. Mena, and
S. Rigolin, JCAP 2010, 044 (2010), arXiv:1005.0295
[astro-ph.CO] .
[23] J.-H. He, B. Wang, and E. Abdalla, Phys. Rev. D 83,
063515 (2011), arXiv:1012.3904 [astro-ph.CO] .
[24] C.-P. Ma and E. Bertschinger, ApJ 455, 7 (1995),
arXiv:astro-ph/9506072 [astro-ph] .
[25] J.-Q. Xia, Y.-F. Cai, T.-T. Qiu, G.-B. Zhao, and
X. Zhang, International Journal of Modern Physics D
17, 1229 (2008), arXiv:astro-ph/0703202 [astro-ph] .
[26] G. Ballesteros and J. Lesgourgues, JCAP 2010, 014
(2010), arXiv:1004.5509 [astro-ph.CO] .
[27] R. Maartens, arXiv e-prints , astro-ph/9609119 (1996),
arXiv:astro-ph/9609119 [astro-ph] .
[28] V. H. Ca´rdenas, D. Grando´n, and S. Lepe, European
Physical Journal C 79, 357 (2019), arXiv:1812.03540
[astro-ph.CO] .
[29] W. L. Xu, C. Dvorkin, and A. Chael, Phys. Rev. D 97,
103530 (2018), arXiv:1802.06788 [astro-ph.CO] .
[30] J. Lesgourgues, arXiv e-prints , arXiv:1104.2932 (2011),
arXiv:1104.2932 [astro-ph.IM] .
[31] D. Blas, J. Lesgourgues, and T. Tram, JCAP 2011, 034
(2011), arXiv:1104.2933 [astro-ph.CO] .
[32] B. Audren, J. Lesgourgues, K. Benabed, and S. Prunet,
JCAP 2013, 001 (2013), arXiv:1210.7183 [astro-ph.CO]
.
[33] T. Brinckmann and J. Lesgourgues, arXiv e-prints
, arXiv:1804.07261 (2018), arXiv:1804.07261 [astro-
ph.CO] .
[34] Planck Collaboration, R. Adam, P. A. R. Ade,
N. Aghanim, Y. Akrami, M. I. R. Alves, F. Argu¨eso,
M. Arnaud, F. Arroja, M. Ashdown, J. Aumont, C. Bac-
cigalupi, M. Ballardini, A. J. Band ay, R. B. Barreiro,
J. G. Bartlett, N. Bartolo, S. Basak, P. Battaglia, E. Bat-
taner, R. Battye, K. Benabed, A. Benoˆıt, A. Benoit-
Le´vy, J. P. Bernard, M. Bersanelli, B. Bertincourt,
P. Bielewicz, I. Bikmaev, J. J. Bock, H. Bo¨hringer,
A. Bonaldi, L. Bonavera, J. R. Bond, J. Borrill, F. R.
Bouchet, F. Boulanger, M. Bucher, R. Burenin, C. Buri-
gana, R. C. Butler, E. Calabrese, J. F. Cardoso,
P. Carvalho, B. Casaponsa, G. Castex, A. Catalano,
A. Challinor, A. Chamballu, R. R. Chary, H. C. Chi-
ang, J. Chluba, G. Chon, P. R. Christensen, S. Church,
M. Clemens, D. L. Clements, S. Colombi, L. P. L.
Colombo, C. Combet, B. Comis, D. Contreras, F. Cou-
chot, A. Coulais, B. P. Crill, M. Cruz, A. Curto, F. Cut-
taia, L. Danese, R. D. Davies, R. J. Davis, P. de
Bernardis, A. de Rosa, G. de Zotti, J. Delabrouille, J. M.
Delouis, F. X. De´sert, E. Di Valentino, C. Dickinson,
J. M. Diego, K. Dolag, H. Dole, S. Donzelli, O. Dore´,
M. Douspis, A. Ducout, J. Dunkley, X. Dupac, G. Efs-
tathiou, P. R. M. Eisenhardt, F. Elsner, T. A. Enßlin,
H. K. Eriksen, E. Falgarone, Y. Fantaye, M. Farhang,
S. Feeney, J. Fergusson, R. Fernandez-Cobos, F. Feroz,
F. Finelli, E. Florido, O. Forni, M. Frailis, A. A.
Fraisse, C. Franceschet, E. Franceschi, A. Frejsel,
A. Frolov, S. Galeotta, S. Galli, K. Ganga, C. Gau-
thier, R. T. Ge´nova-Santos, M. Gerbino, T. Ghosh,
M. Giard, Y. Giraud-He´raud, E. Giusarma, E. Gjerløw,
J. Gonza´lez-Nuevo, K. M. Go´rski, K. J. B. Grainge,
S. Gratton, A. Gregorio, A. Gruppuso, J. E. Gudmunds-
son, J. Hamann, W. Handley, F. K. Hansen, D. Han-
son, D. L. Harrison, A. Heavens, G. Helou, S. Henrot-
Versille´, C. Herna´ndez-Monteagudo, D. Herranz, S. R.
Hildebrandt, E. Hivon, M. Hobson, W. A. Holmes,
A. Hornstrup, W. Hovest, Z. Huang, K. M. Huffen-
berger, G. Hurier, S. Ilic´, A. H. Jaffe, T. R. Jaffe,
T. Jin, W. C. Jones, M. Juvela, A. Karakci, E. Keiha¨nen,
R. Keskitalo, I. Khamitov, K. Kiiveri, J. Kim, T. S.
Kisner, R. Kneissl, J. Knoche, L. Knox, N. Krachmal-
nicoff, M. Kunz, H. Kurki-Suonio, F. Lacasa, G. La-
gache, A. La¨hteenma¨ki, J. M. Lamarre, M. Langer,
A. Lasenby, M. Lattanzi, C. R. Lawrence, M. Le Jeune,
11
J. P. Leahy, E. Lellouch, R. Leonardi, J. Leo´n-Tavares,
J. Lesgourgues, F. Levrier, A. Lewis, M. Liguori, P. B.
Lilje, M. Lilley, M. Linden-Vørnle, V. Lindholm, H. Liu,
M. Lo´pez-Caniego, P. M. Lubin, Y. Z. Ma, J. F. Mac´ıas-
Pe´rez, G. Maggio, D. Maino, D. S. Y. Mak, N. Man-
dolesi, A. Mangilli, A. Marchini, A. Marcos-Caballero,
D. Marinucci, M. Maris, D. J. Marshall, P. G. Martin,
M. Martinelli, E. Mart´ınez-Gonza´lez, S. Masi, S. Matar-
rese, P. Mazzotta, J. D. McEwen, P. McGehee, S. Mei,
P. R. Meinhold, A. Melchiorri, J. B. Melin, L. Mendes,
A. Mennella, M. Migliaccio, K. Mikkelsen, M. Millea,
S. Mitra, M. A. Miville-Descheˆnes, D. Molinari, A. Mon-
eti, L. Montier, R. Moreno, G. Morgante, D. Mortlock,
A. Moss, S. Mottet, M. Mu¨nchmeyer, D. Munshi, J. A.
Murphy, A. Narimani, P. Naselsky, A. Nastasi, F. Nati,
P. Natoli, M. Negrello, C. B. Netterfield, H. U. Nørgaard-
Nielsen, F. Noviello, D. Novikov, I. Novikov, M. Olamaie,
N. Oppermann, E. Orlando, C. A. Oxborrow, F. Paci,
L. Pagano, F. Pajot, R. Paladini, S. Pandolfi, D. Pao-
letti, B. Partridge, F. Pasian, G. Patanchon, T. J. Pear-
son, M. Peel, H. V. Peiris, V. M. Pelkonen, O. Perdereau,
L. Perotto, Y. C. Perrott, F. Perrotta, V. Pettorino,
F. Piacentini, M. Piat, E. Pierpaoli, D. Pietrobon,
S. Plaszczynski, D. Pogosyan, E. Pointecouteau, G. Po-
lenta, L. Popa, G. W. Pratt, G. Pre´zeau, S. Prunet,
J. L. Puget, J. P. Rachen, B. Racine, W. T. Reach,
R. Rebolo, M. Reinecke, M. Remazeilles, C. Renault,
A. Renzi, I. Ristorcelli, G. Rocha, M. Roman, E. Romelli,
C. Rosset, M. Rossetti, A. Rotti, G. Roudier, B. Rouille´
d’Orfeuil, M. Rowan-Robinson, J. A. Rubin˜o-Mart´ın,
B. Ruiz-Granados, C. Rumsey, B. Rusholme, N. Said,
V. Salvatelli, L. Salvati, M. Sandri, H. S. Sanghera,
D. Santos, R. D. E. Saunders, A. Sauve´, M. Savelainen,
G. Savini, B. M. Schaefer, M. P. Schammel, D. Scott,
M. D. Seiffert, P. Serra, E. P. S. Shellard, T. W. Shimwell,
M. Shiraishi, K. Smith, T. Souradeep, L. D. Spencer,
M. Spinelli, S. A. Stanford, D. Stern, V. Stolyarov,
R. Stompor, A. W. Strong, R. Sudiwala, R. Sunyaev,
P. Sutter, D. Sutton, A. S. Suur-Uski, J. F. Sygnet,
J. A. Tauber, D. Tavagnacco, L. Terenzi, D. Texier,
L. Toffolatti, M. Tomasi, M. Tornikoski, D. Tramonte,
M. Tristram, A. Troja, T. Trombetti, M. Tucci, J. Tuovi-
nen, M. Tu¨rler, G. Umana, L. Valenziano, J. Valiviita,
F. Van Tent, T. Vassallo, L. Vibert, M. Vidal, M. Viel,
P. Vielva, F. Villa, L. A. Wade, B. Walter, B. D. Wand
elt, R. Watson, I. K. Wehus, N. Welikala, J. Weller,
M. White, S. D. M. White, A. Wilkinson, D. Yvon, A. Za-
cchei, J. P. Zibin, and A. Zonca, A&A 594, A1 (2016),
arXiv:1502.01582 [astro-ph.CO] .
[35] Planck Collaboration, P. A. R. Ade, N. Aghanim,
M. Arnaud, M. Ashdown, J. Aumont, C. Bacci-
galupi, A. J. Banday, R. B. Barreiro, J. G. Bartlett,
N. Bartolo, E. Battaner, R. Battye, K. Benabed,
A. Benoˆıt, A. Benoit-Le´vy, J. P. Bernard, M. Bersanelli,
P. Bielewicz, J. J. Bock, A. Bonaldi, L. Bonavera,
J. R. Bond, J. Borrill, F. R. Bouchet, F. Boulanger,
M. Bucher, C. Burigana, R. C. Butler, E. Calabrese,
J. F. Cardoso, A. Catalano, A. Challinor, A. Cham-
ballu, R. R. Chary, H. C. Chiang, J. Chluba, P. R.
Christensen, S. Church, D. L. Clements, S. Colombi,
L. P. L. Colombo, C. Combet, A. Coulais, B. P. Crill,
A. Curto, F. Cuttaia, L. Danese, R. D. Davies, R. J.
Davis, P. de Bernardis, A. de Rosa, G. de Zotti, J. De-
labrouille, F. X. De´sert, E. Di Valentino, C. Dick-
inson, J. M. Diego, K. Dolag, H. Dole, S. Donzelli,
O. Dore´, M. Douspis, A. Ducout, J. Dunkley, X. Dupac,
G. Efstathiou, F. Elsner, T. A. Enßlin, H. K. Eriksen,
M. Farhang, J. Fergusson, F. Finelli, O. Forni, M. Frailis,
A. A. Fraisse, E. Franceschi, A. Frejsel, S. Galeotta,
S. Galli, K. Ganga, C. Gauthier, M. Gerbino, T. Ghosh,
M. Giard, Y. Giraud-He´raud, E. Giusarma, E. Gjerløw,
J. Gonza´lez-Nuevo, K. M. Go´rski, S. Gratton, A. Grego-
rio, A. Gruppuso, J. E. Gudmundsson, J. Hamann, F. K.
Hansen, D. Hanson, D. L. Harrison, G. Helou, S. Henrot-
Versille´, C. Herna´ndez-Monteagudo, D. Herranz, S. R.
Hildebrand t, E. Hivon, M. Hobson, W. A. Holmes,
A. Hornstrup, W. Hovest, Z. Huang, K. M. Huffenberger,
G. Hurier, A. H. Jaffe, T. R. Jaffe, W. C. Jones, M. Ju-
vela, E. Keiha¨nen, R. Keskitalo, T. S. Kisner, R. Kneissl,
J. Knoche, L. Knox, M. Kunz, H. Kurki-Suonio, G. La-
gache, A. La¨hteenma¨ki, J. M. Lamarre, A. Lasenby,
M. Lattanzi, C. R. Lawrence, J. P. Leahy, R. Leonardi,
J. Lesgourgues, F. Levrier, A. Lewis, M. Liguori, P. B.
Lilje, M. Linden-Vørnle, M. Lo´pez-Caniego, P. M. Lu-
bin, J. F. Mac´ıas-Pe´rez, G. Maggio, D. Maino, N. Man-
dolesi, A. Mangilli, A. Marchini, M. Maris, P. G. Martin,
M. Martinelli, E. Mart´ınez-Gonza´lez, S. Masi, S. Matar-
rese, P. McGehee, P. R. Meinhold, A. Melchiorri, J. B.
Melin, L. Mendes, A. Mennella, M. Migliaccio, M. Millea,
S. Mitra, M. A. Miville-Descheˆnes, A. Moneti, L. Mon-
tier, G. Morgante, D. Mortlock, A. Moss, D. Munshi,
J. A. Murphy, P. Naselsky, F. Nati, P. Natoli, C. B. Net-
terfield, H. U. Nørgaard-Nielsen, F. Noviello, D. Novikov,
I. Novikov, C. A. Oxborrow, F. Paci, L. Pagano, F. Pa-
jot, R. Paladini, D. Paoletti, B. Partridge, F. Pasian,
G. Patanchon, T. J. Pearson, O. Perdereau, L. Per-
otto, F. Perrotta, V. Pettorino, F. Piacentini, M. Piat,
E. Pierpaoli, D. Pietrobon, S. Plaszczynski, E. Pointe-
couteau, G. Polenta, L. Popa, G. W. Pratt, G. Pre´zeau,
S. Prunet, J. L. Puget, J. P. Rachen, W. T. Reach,
R. Rebolo, M. Reinecke, M. Remazeilles, C. Renault,
A. Renzi, I. Ristorcelli, G. Rocha, C. Rosset, M. Rossetti,
G. Roudier, B. Rouille´ d’Orfeuil, M. Rowan-Robinson,
J. A. Rubin˜o-Mart´ın, B. Rusholme, N. Said, V. Sal-
vatelli, L. Salvati, M. Sandri, D. Santos, M. Savelainen,
G. Savini, D. Scott, M. D. Seiffert, P. Serra, E. P. S. Shel-
lard, L. D. Spencer, M. Spinelli, V. Stolyarov, R. Stom-
por, R. Sudiwala, R. Sunyaev, D. Sutton, A. S. Suur-
Uski, J. F. Sygnet, J. A. Tauber, L. Terenzi, L. Toffo-
latti, M. Tomasi, M. Tristram, T. Trombetti, M. Tucci,
J. Tuovinen, M. Tu¨rler, G. Umana, L. Valenziano,
J. Valiviita, F. Van Tent, P. Vielva, F. Villa, L. A. Wade,
B. D. Wandelt, I. K. Wehus, M. White, S. D. M. White,
A. Wilkinson, D. Yvon, A. Zacchei, and A. Zonca, A&A
594, A13 (2016), arXiv:1502.01589 [astro-ph.CO] .
[36] F. Beutler, C. Blake, M. Colless, D. H. Jones, L. Staveley-
Smith, L. Campbell, Q. Parker, W. Saunders, and
F. Watson, MNRAS 416, 3017 (2011), arXiv:1106.3366
[astro-ph.CO] .
[37] A. J. Ross, L. Samushia, C. Howlett, W. J. Percival,
A. Burden, and M. Manera, MNRAS 449, 835 (2015),
arXiv:1409.3242 [astro-ph.CO] .
[38] X. Xu, A. J. Cuesta, N. Padmanabhan, D. J. Eisen-
stein, and C. K. McBride, MNRAS 431, 2834 (2013),
arXiv:1206.6732 [astro-ph.CO] .
[39] S. Alam, M. Ata, S. Bailey, F. Beutler, D. Bizyaev,
J. A. Blazek, A. S. Bolton, J. R. Brownstein, A. Burden,
C.-H. Chuang, J. Comparat, A. J. Cuesta, K. S. Daw-
12
son, D. J. Eisenstein, S. Escoffier, H. Gil-Mar´ın, J. N.
Grieb, N. Hand, S. Ho, K. Kinemuchi, D. Kirkby, F. Ki-
taura, E. Malanushenko, V. Malanushenko, C. Maras-
ton, C. K. McBride, R. C. Nichol, M. D. Olmstead,
D. Oravetz, N. Padmanabhan, N. Palanque-Delabrouille,
K. Pan, M. Pellejero-Ibanez, W. J. Percival, P. Petit-
jean, F. Prada, A. M. Price-Whelan, B. A. Reid, S. A.
Rodr´ıguez-Torres, N. A. Roe, A. J. Ross, N. P. Ross,
G. Rossi, J. A. Rubin˜o-Mart´ın, S. Saito, S. Salazar-
Albornoz, L. Samushia, A. G. Sa´nchez, S. Satpathy, D. J.
Schlegel, D. P. Schneider, C. G. Sco´ccola, H.-J. Seo,
E. S. Sheldon, A. Simmons, A. Slosar, M. A. Strauss,
M. E. C. Swanson, D. Thomas, J. L. Tinker, R. Tojeiro,
M. V. Magan˜a, J. A. Vazquez, L. Verde, D. A. Wake,
Y. Wang, D. H. Weinberg, M. White, W. M. Wood-
Vasey, C. Ye`che, I. Zehavi, Z. Zhai, and G.-B. Zhao, MN-
RAS 470, 2617 (2017), arXiv:1607.03155 [astro-ph.CO]
.
[40] M. Ata, F. Baumgarten, J. Bautista, F. Beutler,
D. Bizyaev, M. R. Blanton, J. A. Blazek, A. S. Bolton,
J. Brinkmann, J. R. Brownstein, E. Burtin, C.-H.
Chuang, J. Comparat, K. S. Dawson, A. de la Macorra,
W. Du, H. du Mas des Bourboux, D. J. Eisenstein, H. Gil-
Mar´ın, K. Grabowski, J. Guy, N. Hand, S. Ho, T. A.
Hutchinson, M. M. Ivanov, F.-S. Kitaura, J.-P. Kneib,
P. Laurent, J.-M. Le Goff, J. E. McEwen, E.-M. Mueller,
A. D. Myers, J. A. Newman, N. Palanque-Delabrouille,
K. Pan, I. Paˆris, M. Pellejero-Ibanez, W. J. Percival,
P. Petitjean, F. Prada, A. Prakash, S. A. Rodr´ıguez-
Torres, A. J. Ross, G. Rossi, R. Ruggeri, A. G. Sa´nchez,
S. Satpathy, D. J. Schlegel, D. P. Schneider, H.-J. Seo,
A. Slosar, A. Streblyanska, J. L. Tinker, R. Tojeiro,
M. Vargas Magan˜a, M. Vivek, Y. Wang, C. Ye`che, L. Yu,
P. Zarrouk, C. Zhao, G.-B. Zhao, and F. Zhu, MNRAS
473, 4773 (2018), arXiv:1705.06373 [astro-ph.CO] .
[41] D. Huterer, D. L. Shafer, D. M. Scolnic, and F. Schmidt,
JCAP 2017, 015 (2017), arXiv:1611.09862 [astro-ph.CO]
.
[42] F. Beutler, C. Blake, M. Colless, D. H. Jones, L. Staveley-
Smith, G. B. Poole, L. Campbell, Q. Parker, W. Saun-
ders, and F. Watson, MNRAS 423, 3430 (2012),
arXiv:1204.4725 [astro-ph.CO] .
[43] C. Howlett, A. J. Ross, L. Samushia, W. J. Percival, and
M. Manera, MNRAS 449, 848 (2015), arXiv:1409.3238
[astro-ph.CO] .
[44] A. Oka, S. Saito, T. Nishimichi, A. Taruya, and K. Ya-
mamoto, MNRAS 439, 2515 (2014), arXiv:1310.2820
[astro-ph.CO] .
[45] C. Blake, I. K. Baldry, J. Bland-Hawthorn,
L. Christodoulou, M. Colless, C. Conselice, S. P.
Driver, A. M. Hopkins, J. Liske, J. Loveday, P. Nor-
berg, J. A. Peacock, G. B. Poole, and A. S. G.
Robotham, MNRAS 436, 3089 (2013), arXiv:1309.5556
[astro-ph.CO] .
[46] C. Blake, S. Brough, M. Colless, C. Contreras, W. Couch,
S. Croom, D. Croton, T. M. Davis, M. J. Drinkwater,
K. Forster, D. Gilbank, M. Gladders, K. Glazebrook,
B. Jelliffe, R. J. Jurek, I. h. Li, B. Madore, D. C. Martin,
K. Pimbblet, G. B. Poole, M. Pracy, R. Sharp, E. Wis-
nioski, D. Woods, T. K. Wyder, and H. K. C. Yee, MN-
RAS 425, 405 (2012), arXiv:1204.3674 [astro-ph.CO] .
[47] A. Pezzotta, S. de la Torre, J. Bel, B. R. Granett,
L. Guzzo, J. A. Peacock, B. Garilli, M. Scodeg-
gio, M. Bolzonella, U. Abbas, C. Adami, D. Bottini,
A. Cappi, O. Cucciati, I. Davidzon, P. Franzetti, A. Fritz,
A. Iovino, J. Krywult, V. Le Brun, O. Le Fe`vre,
D. Maccagni, K. Ma lek, F. Marulli, M. Polletta, A. Pollo,
L. A. M. Tasca, R. Tojeiro, D. Vergani, A. Zanichelli,
S. Arnouts, E. Branchini, J. Coupon, G. De Lucia,
J. Koda, O. Ilbert, F. Mohammad, T. Moutard, and
L. Moscardini, A&A 604, A33 (2017), arXiv:1612.05645
[astro-ph.CO] .
[48] T. Okumura, C. Hikage, T. Totani, M. Tonegawa,
H. Okada, K. Glazebrook, C. Blake, P. G. Ferreira,
S. More, A. Taruya, S. Tsujikawa, M. Akiyama, G. Dal-
ton, T. Goto, T. Ishikawa, F. Iwamuro, T. Matsub-
ara, T. Nishimichi, K. Ohta, I. Shimizu, R. Takahashi,
N. Takato, N. Tamura, K. Yabe, and N. Yoshida, PASJ
68, 38 (2016), arXiv:1511.08083 [astro-ph.CO] .
[49] P. Zarrouk, E. Burtin, H. Gil-Mar´ın, A. J. Ross, R. To-
jeiro, I. Paˆris, K. S. Dawson, A. D. Myers, W. J. Percival,
C.-H. Chuang, G.-B. Zhao, J. Bautista, J. Comparat,
V. Gonza´lez-Pe´rez, S. Habib, K. Heitmann, J. Hou,
P. Laurent, J.-M. Le Goff, F. Prada, S. A. Rodr´ıguez-
Torres, G. Rossi, R. Ruggeri, A. G. Sa´nchez, D. P.
Schneider, J. L. Tinker, Y. Wang, C. Ye`che, F. Baum-
garten, J. R. Brownstein, S. de la Torre, H. du Mas
des Bourboux, J.-P. Kneib, V. Mariappan, N. Palanque-
Delabrouille, J. Peacock, P. Petitjean, H.-J. Seo, and
C. Zhao, MNRAS 477, 1639 (2018), arXiv:1801.03062
[astro-ph.CO] .
[50] D. M. Scolnic, D. O. Jones, A. Rest, Y. C. Pan,
R. Chornock, R. J. Foley, M. E. Huber, R. Kessler,
G. Narayan, A. G. Riess, S. Rodney, E. Berger, D. J.
Brout, P. J. Challis, M. Drout, D. Finkbeiner, R. Lunnan,
R. P. Kirshner, N. E. Sand ers, E. Schlafly, S. Smartt,
C. W. Stubbs, J. Tonry, W. M. Wood-Vasey, M. Foley,
J. Hand, E. Johnson, W. S. Burgett, K. C. Chambers,
P. W. Draper, K. W. Hodapp, N. Kaiser, R. P. Ku-
dritzki, E. A. Magnier, N. Metcalfe, F. Bresolin, E. Gall,
R. Kotak, M. McCrum, and K. W. Smith, ApJ 859, 101
(2018), arXiv:1710.00845 [astro-ph.CO] .
